In view of the recent (ever) increasing need for environmentally friendly fuels, the processes of n-alkane isomerization and triglyceride(s) transesterification have gained importance because they enable the reduction of emissions of various hazardous substances into the environment. In this paper, sulfated ZrO 2 as a heterogeneous acid catalyst was used in model reactions of isomerization of n-hexane and transesterification of sunflower oil. The goal of this research was to determine the optimal process parameters for isomerization and transesterification reactions, since they can have a large influence on both ecological and economical validity of these processes when used on the industrial scale. For the transesterification process, the parameters investigated were: the catalyst loading and methanol to oil molar ratio whereas in the isomerization reaction, the optimal process temperature was determined. The catalyst loading was proven to increase the yield of transesterification, but only until the mass percentage of the catalyst reaches 10%. The optimum methanol to oil molar ratio was shown to be 60:1, as further increase of the methanol amount decreases the transesterification yield. The temperature of 325 ⁰C was determined to be optimal for the reaction of n-hexane isomerization under the experimental conditions applied.
Introduction
In recent years, gasoline manufacturers have been required to impose new and more restrictive standards, especially concerning the contents of olefins and aromatic compounds in gasoline. This fact limits the use of reforming and catalytic cracking in refineries and has a goal of improving the ecological situation on the planet [1] . As a consequence, the reaction of n-alkane isomerization has gained importance, since it is a safe and ecologically favorable way to increase the octane number of gasoline by yielding di-and trimethyl isomers of normal alkanes which replace the hazardous high octane number compounds the contents of which have now been limited [2] .
Another way of lowering the negative influence of fossil fuel burning on the atmosphere is the use of biofuels which has been rising worldwide, especially since 2012 [3] . Biodiesel is currently the most convenient type of biofuel in car industry, because of the fact that it does not require any modification of the existing diesel powered vehicles [4] . It is industrially produced by transesterification of oils and/ or fats [5] .
Because of its favorable textural, structural, morphological and surface properties, sulfated zirconia was proven to be an efficient heterogeneous catalyst for many industrial processes, including isomerization of n-hexane and transesterification of triglycerides (i.e. biodiesel production) [6] . While sulfated zirconia is often used with different promotors, its activity in n-hexane isomerization reaction and a desired product yield has already been determined and shown to depend mainly on the catalyst surface properties [7] . Transesterification reactions can be very different depending on the catalyst used and the variations in reaction conditions. An excess of methanol has been reported to have a negative effect on the biodiesel yield, and a wide range of methanol to oil molar ratios (from 6:1 up to 84:1) has been reported as optimal [8] .
However, in addition to depending on the catalyst type (physico-chemical properties) and a reactor design (potential diffusion restrictions), the reactions of n-alkane isomerization and triglyceride transesterification depend heavily on reaction parameters such as: temperature, catalyst loading, rate of stirring, pressure, etc. In this paper, sulfated zirconia was used in reactions of n-hexane isomerization and sunflower oil transesterification. Selected parameters of reactions were tested in the attempt to find an optimal value of each parameter.
Experimental
Catalyst synthesis Catalyst samples were synthesized using zirconium-oxynitrate (ZrO(NO 3 ) 2 •xH 2 O) as a precursor. The precipitation of zirconium-hydroxide was carried out from the zirconium-(ORIGINAL SCIENTIFIC PAPER) UDC 66.095.21.097:546.831:544. 4 oxynitrate aqueous solution by slowly adding NH 4 OH (25%) during 2 h until pH 9 was reached. After that, the precipitate was filtered, rinsed with distilled water until there was no trace of nitrates left in the filtrate. Afterwards, the precipitate was dried, and subsequently sulfated and calcined. The sulfation procedure was performed by wet-impregnation with H 2 SO 4 (0.5 M) under vacuum. The amount/volume of the acid solution was calculated for concrete catalyst samples to have nominal mass of 4% of sulfates. Calcination was performed at 500 °C for 3 h in the synthetic air flow of 25 cm 3 /min. Catalysts were then used in test reactions of n-hexane isomerization and transesterification of sunflower oil.
Materials
Sunflower oil (brand "Sunce", Dijamant Co.) was obtained from a local market. The free fatty acid(s) content was found to be below the detection limit and the water content was found to be below 0.3 mass %. The fatty acid(s) content of sunflower oil was determined by using GC/MS and presented in Table 1 . Methanol (HPLC grade) and the catalyst precursor (ZrO(NO 3 ) 2 •xH 2 O) were obtained from Sigma-Aldrich. Test reactions Isomerization of n-hexane was performed under the atmospheric pressure and constant partial pressure of n-hexane of 62 mbar. Helium was used as a carrier gas, and its molar ratio to n-hexane was set at 16.5. Catalyst samples were inserted into the quartz microreactor and activated in situ in the synthetic air flow of 25 cm 3 /min for 2 h under the temperature of 450 ⁰C. After the activation period, after 10 minutes of the reaction, the initial activity was recorded. The reaction temperature was chosen as a varying parameter. The catalysts were tested at reaction temperatures of 225 ⁰C and 325 ⁰C. Reaction products were separated on PONA GC-capillary column and then analyzed by gas chromatography (GC-HP 5890) with FID detection. The conversion of n-hexane was determined in relation to each of the derived gas-phase products and normalized by the number of C-atoms for the reactant and product(s). The selectivity for the formation of an individual product was calculated by dividing the normalized conversion of n-hexane of the particular product with the total n-hexane conversion.
Transesterification reactions were performed in a round bottom flask (batch conditions) with a reflux condenser and using a magnetic stirrer. The stirring speed was set at 400 rpm, under the atmospheric pressure at the temperature of boiling of the mixture (65 °C, reflux) and the reaction time was 72 h. Catalysts samples were dried at 100 ⁰C for 3h before the reaction, and then added to the prepared mixture of oil and methanol. Transesterification process parameters were varied in the appropriate manner:
-Mass percentages (mass %) of the catalyst (in relation to the total mass of the reaction mixture) used for the intended tests were: 1, 2, 3, 5, 10 and 15%; -Methanol to oil molar ratios were set as follows: 20:1, 30:1, 60:1, 90:1 and 120:1. Following the transesterification reaction, the product mixture underwent consecutive evaporation and extraction procedures in order to eliminate methanol. Afterwards, the 1 H NMR analysis was performed according to Knothe [9] , in order to determine the yield of FAME. The 1 H NMR spectra of the reaction mixture samples were recorded at 25 °C on a Bruker Avance III 400 MHz NMR spectrometer ( 1 H at 400 MHz, 13 C at 100 MHz) using CDCl 3 as the solvent. Chemical shifts were expressed as δ (ppm) using tetramethylsilane as the internal standard. 2D experiments ( 1 H-1 H COSY, NOESY, TOCSY, HSQC and HMBC), as well as DEPT-90 and DEPT-135, were run on the same instrument with usual pulse sequences. The example of the obtained NMR spectrum of the biodiesel product mixture is presented in Fig. 1 . The yield of biodiesel was calculated according to Knothe [9] :
Where: IME is the integration value of the methyl ester peak (3.70) and IAG is the integration value of glyceridic peaks (4.10 -4.40).
The GC/MS analyses were carried out using a Hewlett-Packard 6890N gas chromatograph equipped with a fused silica capillary column, DB-5MS (5% phenylmethylsiloxane, 30 m × 0.25 mm, film thickness 0.25 μm, Agilent Technologies, USA) and coupled with a 5975B mass selective detector from the same company.
The injector and interface were operated at: 250 °C and 300 °C, respectively.
Results and discussion
Reaction of isomerization of n-hexane Influence of the reaction temperature Reaction temperature influences both the conversion of n-hexane in the reaction of isomerization and the selectivity of the reaction to favorable (i-C 6 ) products. The results of our investigations of the optimal reaction temperature are shown in Figure 2 . Increasing the reaction temperature from 225 ⁰C to 325 ⁰C had a somewhat positive influence on the reaction selectivity to i-C 6 , and the reaction conversion. The higher catalyst efficiency and reaction yield (conversion) is easily explained by the increased possibility of effective collisions, since kinetic energy of the reactant and catalyst particles are increased at higher temperatures. These results are somewhat different from previously reported [10, 11] since, in most cases the increase of temperature seemed to have a negative influence on the selectivity while increasing the reaction conversion. In our paper, the selectivity also increased with the increase of the reaction temperature, but only slightly. It was found that a number of catalyst properties have an influence on conversion and selectivity in n-alkane isomerization reactions, especially due to the complexity of the process [12] [13] [14] . Namely, favorable surface properties (especially the presence and number of Bronsted acid sites together with Lewis acid sites), along with a high specific surface area, a dominant tetragonal crystal phase, and a suitable type of porosity (mesoporous system) have a major influence on the catalyst activity. A high number of acid sites on the catalyst surface increase the possibility of its interaction with the reactants, and favorable pore diameter and volume will allow the reactants to enter the inner area of the catalyst, therefore increasing the surface available for the reaction which in turn increases the catalyst activity.
Transesterification reaction
Catalyst amount Catalyst loading (in this paper presented as catalyst mass %) is an important parameter in transesterification reactions. A higher catalyst amount means a higher number of catalytically active sites, which in turn should lead to the higher catalyst activity/total efficiency. On the other hand, the use of a high catalyst amount is not always economical, since the catalyst is relatively expensive and its high content in the reaction mixture often leads to additional difficulties in the product (fatty acid methyl ester -FAME and glycerol) separation, which are in some cases viewed as financially inefficient. A number of authors have assessed the possibility of use of sulfated zirconia in more than one reaction cycle and have reported that the catalyst can be regenerated by different processes [15] [16] [17] [18] , but all those require time and degrade the catalyst quality. Figure 3 displays the results of our research in discovering the optimal catalyst amount for the transesterification reaction. The increase of the catalyst mass % leads to the higher reaction yield, which is easily explained by the increased catalyst surface and thus the increased number of catalytically active sites (Fig. 3) . Furthermore, the increase from 10 to 15% mass does not continue to significantly increase the FAME yield. Considering the complexity of the process, namely the three-step reaction and its acid-catalyzed mechanism, it is possible that further increase of the catalyst loading (above 10%) no longer increases the number of effective collisions. The reason for this might be found in variation of other factors such as the methanol content and/or stirring speed. However, further investigation in this regard is required. Other studies have reported a wide range from 1 to 10% mass of the catalyst as optimal [19, 20] . Methanol to oil molar ratio Transesterification of triglycerides is a reaction that involves methanol and triglycerides in a stoichiometric 6 (1) (2017) 27-32 molar ratio of 3:1. Since the reaction is reversible, the equilibrium position depends on the concentration of reactants and products in the solution (reactor system).
Naturally, the industrial process requires the highest possible yield of products, which means that the equilibrium needs to be moved to the right side. According to Le Chatelier principle, this can be achieved by increasing the concentration of reactants. In this case, it means the increase of methanol to triglyceride (oil) molar ratio more than 3:1 [21] .
In addition, it was reported that an excess of methanol is useful because it removes FAMEs and glycerol from the catalyst surface, thus regenerating it and improving its efficiency. Standard homogeneous and heterogeneous base catalysis in the Esterfip-H reactor often uses the ratios of 6:1 and 9:1 [22] [23] [24] [25] . The mechanism of transesterification catalyzed by acids is such that the reaction is estimated to be around 4000 times slower than the same reaction when catalyzed by bases [26] , thus higher molar ratios of methanol to oil/fat 60:1 are often used [27] [28] [29] .
Depending on the oil used, the reactor construction and a number of other parameters, the product mixture can be complex and comprised of many phases. Significant resources are expended in order to extract FAME as a primary product, as well as glycerol and an excess of methanol, which are important issues of the product from an economic perspective. In these conditions, the use of a large amount of methanol is unfavorable, and the methanol to oil molar ratio should not be higher than needed for obtaining high enough yields [30] . Figure 4 . shows the influence of methanol to oil molar ratio on the yield of FAME. The amount of the catalyst was set at 10% mass in relation to the reaction mixture, as this was determined as optimal in previous considerations within this paper. As it can be clearly seen from Fig.  4 , the increase of methanol to oil molar ratio increases the FAME yield, but only until the molar ratio of 60:1 has been reached. Further increase in the methanol amount decreases the FAME yield (Fig. 4) . Similar results were obtained in a number of papers under (relatively) different conditions and using a similar acid catalyst [31] [32] [33] . As a possible explanation for the decrease of the process yield with the overly high methanol amount, the authors theorize that, despite favorable catalyst properties (primarily a large number of Bronsted acid sites) [27, 34] , the high amount of methanol may decrease the possibility of triglyceride molecules accessing the catalyst surface. This points out the importance of the efficient phase contact in heterogeneous catalysis as an essential parameter influencing the yield. However, further investigations are required in this regard.
Conclusion
The sulfated zirconia catalyst analyzed in this paper has demonstrated the activity in both the reaction of nhexane isomerization and sunflower oil transesterification.
The temperature of 325 ⁰C was determined to be a favorable temperature for isomerization in terms of the significant increase of conversion. On the other hand, selectivity has only slightly increased with the increase of the reaction temperature.
It was determined that the catalyst loading increase has a positive effect on the FAME yield in the transesterification reaction performed. However, this is only the case when increasing the catalyst loading up to 10% mass, since further catalyst amount increase ceases to have a positive effect on the reaction yield.
The increase of the methanol amount increases the reaction yield, but only until methanol to oil molar ratio reaches 60:1, after which a further increase of methanol has a (significant) negative effect on the reaction yield.
